Summary
At 10 d of age miniature pigs were randomized to receive either of two total parenteral nutrition fuel mixes; oral feedings were discontinued. Both groups received 170 kcal . kg-' d-' and 11 g . kg-'. d-' of synthetic amino acids. Nonprotein energy was s u p plied as glucose in group A, whereas in group B, it was divided equally between glucose and fat. Blood samples were drawn on the second and eighth postoperative days for hematologic, biochemical, and hormonal measurements. On the ninth postoperative day, total body water was determined and the animals were killed for carcass analysis. The animals tolerated the intravenous nutrition without ill effects as indicated by both clinical and biochemical parameters. Group A had significantly elevated levels of insulin and a higher insulin/glucagon ratio than group B. Cortisol levels did not differ significantly between groups.
Total body fat, nitrogen, ash, K, Na, C1, Ca, and P were similar between groups. TBW was significantly greater in group A compared with group B. Extracellular space calculated from body C1 and plasma C1 was similar between groups. Abbreviations CBC, complete blood count TBW, total body water TPN, total parenteral nutrition TPN is a life saving means of nutritional support for patients who are unable to absorb adequate amounts of nutrients. The energy (fuel mix) and nitrogen sources used in TPN usually consist of glucose and synthetic amino acids (21) . Recently, fat has been advocated as an additional source of energy (30) . Infants and children may be maintained on long-term TPN during periods of rapid growth, but little attention has been given to the consequences of the use of different fuel mixes on the composition of growth.
Certain metabolic effects might be anticipated as a result of the different hormonal profiles engendered by different fuel mixes. Such metabolic alterations may influence body composition and growth. A fuel mix of glucose and amino acids will stimulate a larger increase in plasma insulin and decrease the secretion of glucagon when compared with the effects of a fuel mix which includes glucose, amino acids, and fat (17) . The hormonal profile seen with the latter fuel mix more closely resembles that observed during oral feedings (1). Although net nitrogen retention does not seem to be affected by the intravenous energy source (4, 14) , studies using indirect methods to assess body composition in malnourished adults suggest that a glucoselamino acid fuel mix increases body water and fat disproportionately to the quantities expected from the amount of nitrogen retained (22) . In contrast, a glucose/amino acidlfat fuel mix appears to lead to more balanced increases in body water, fat, and nitrogen (22) .
The possible effects on body composition induced by these hormonal responses have not been investigated thoroughly in the growing individual maintained on TPN. In order to study the effect of the TPN fuel mix in the young infant, a model was developed using the infant miniature pig, an animal whose body composition closely resembles that of the human infant (27) .
MATERIALS AND METHODS
Design. Pitman-MooreIHanford strain minipigs (Bastrop Farms, Bastrop, TX) were weaned at 3 d of age and transported to our laboratory. The piglets were housed in separate cages in a room with an ambient temperature of 28°C. The animals were weighed daily for the duration of the experiment. At 10 d of age the animals underwent surgical placement of central venous catheters and subsequently were randomized to receive either of two TPN fuel mixes; oral feedings were discontinued. On the second and eighth postoperative days, between 7:45 and 8:15 AM, blood samples for hematologic, biochemical, and hormonal measurements were withdrawn through the central venous catheters without disturbing the pigs. A urine sample was checked daily for the presence of glucose, ketones, blood, and protein.
On the ninth postoperative day TBW was determined and the animals were then killed for carcass analysis.
Diet. The pigs were fed an artificial milk formula (Soweena, Foremost Foods, San Francisco, CA) ad libitum from the time they were weaned until surgery. Over the first 24 h postoperatively, the animals received solutions which contained half the concentrations of glucose and amino acids shown in Table 1 . Group A received 157 ml-kg-' .d-' and group B received 120 ml. kg-' .d-' of the glucose/amino acid solution in addition to 15 ml . kg-' . d-' of intravenous fat emulsion (Intralipid 20%, Cutter Medical, Berkeley, CA); thus, pigs in both groups received 72 kcallkg over the first 24 h. On the day after surgery (the first postoperative day), full strength (Table 1) glucose and amino acid concentrations were administered and the rates of infusion were increased to 185 ml. kg-'. d-' for group A and 153.5 ml.
kg-' . d-I for group B in addition to 3 1.5 ml . kg-' . d-' Intralipid. Both groups thus received 170 kcal . kg-' . d-'and 1 1 g . kg-' . d-'of synthetic amino acids (Travasol, Travenol Laboratories, Deerfield, IL) for the duration of the study. In group B, nonprotein energy was divided equally between glucose and fat. Equal amount of minerals and vitamins appropriate for pigs were supplied to both groups (25, 27) .
Surgical procedures. On the day of surgery the animals were anesthetized with ketamine (20 mglkg intramuscularly) followed * USV Laboratories, Tuckahoe, NY. 10-20 min later by pentobarbital sodium (10 mg/kg intraperitoneally). Additional doses of pentobarbital (5 mglkg) were given as needed to maintain anesthesia. Using aseptic technique, both external jugular veins were exposed and a 20-gauge silicone catheter was inserted into each of the vessels. The catheter in the left external jugular vein was passed to the level of the superior vena cava and the right external jugular vein catheter was passed into the right atrium. The positions of the catheters were confirmed using fluoroscopy. The catheters were tunneled subcutaneously and exited dorsally between the shoulders. A harness of our own design, which could be adjusted for size while on the pigs and which held the tether securely in place, was fitted to the animals. A standard tether and swivel were attached (Alice King Chatham Medical Arts, Los Angeles, CA). The harnessltetherl swivel assembly allowed the animal to move freely about the cage (Fig. 1) . The pigs were wrapped in blankets to maintain body temperature and allowed to recover from the anesthesia. The TPN infusions were begun and administered continuously using constant infusion pumps (IMED Corporation, San Diego, CA and Abbott Laboratories, North Chicago, IL). Group A pigs received glucose/amino acids through both catheters; the rate of delivery in the left jugular line was 2 mllh so that interruption for blood drawing would have a minimal effect on biochemical studies. In group B the Intralipid was delivered through the left jugular line.
Blood collections. Interruption of the infusion for blood withdrawal was usually no longer than 2 min. The procedure was camed out aseptically. The dead space of the catheter was filled with sodium heparin (1000 IU/ml) which was withdrawn quantitatively and discarded before blood collection. Six milliliters of blood was drawn for serum chemistries, insulin, and cortisol measurements; a further 1 ml was discharged into 500 U Trasylol (FBA Pharmaceuticals Inc., New York, NY) and 1.2 mg Na2EDTA for glucagon determination; two 1-ml samples were collected using potassium oxalate and Na2EDTA anticoagulants for glucose determination and a CBC respectively. Except for the CBC and glucose specimens, samples were placed in chilled glass tubes and centrifuged at 4°C. The separated aliquots of plasma or serum were stored at -20°C until analyzed. Glucose and CBC were measured on the day of collection.
Hormone analyses. Insulin was analyzed using a double antibody radioimmunoassay derived from the technqiues of Hales and Randle (15) and Morgan and Lazarow (23) . Cortisol was determined with a solid-phase radioimmunoassay (Coat-aCount, Diagnostic Products Corp., Los Angeles, CA). The measurement of glucagon was made using standard radioimmunoassay employing the 30K anti-pork glucagon antibody obtained from Dr. R. Unger (University of Texas, Dallas, TX).
Serum chemistries. A clinical chemistry Ektachem 400 autoanalyzer (Kodak Co., Rochester, NY) was used to determine Na, K, C1, and bicarbonate (COz) levels (with ion-sensitive electrodes), glucose (glucose oxidase-peroxidase method), total bilirubin [the method of Jendrassik and Grof (19) ], urea (an indirect urease assay), and calcium (colorimetric determination with an arsenazo-111 dye). Magnesium and phosphate were measured with a Dupont ACA analyzer (Dupont Co., Wilmington, DE); a complexometric assay with EGTA and methyl-thymol blue was used to determine magnesium, whereas phosphorus was measured by the Fiske and Subbarow method (1 3). A Cobas BIO Centrifugal Analyzer (Roche Analytical, Nutley, NJ) was employed for albumin (bromo-cresol green dye-binding technique), total protein (Biuret reagent assay), and SGPT (LDH-NADH system analysis) measuremnts. The CBC analyses which were carried out on a Coulter Counter (Coulter Co., Miami, FL) included a white blood cell count with differential, red blood cell count, hemoglobin, hematocrit, mean red cell volume, and platelet count.
Urinalysis. Urine, collected in a tray below each cage, was checked daily for pH, glucose, ketones, blood, and protein with Labstix (Ames Co., Elkhart, IN).
Total body water. Each pig received 25 pCi/kg of tritiated water (New England Nuclear Co., Boston, MA; specific activity, 50 pCi/ml) as a single bolus through the right jugular catheter; infusion of the TPN solution was continued immediately after, ensuring complete administration of the dose. Serial blood sampling for plasma activity determinations and subsequent calculation of tritium space was camed out as described by Udekwu et al. (34) .
Whole body composition. The pig carcasses were analyzed for fat, nitrogen, ash, Na, K, and Ca as described by Sheng et al. (29) , except that Na and K were measured by flame photometry. Whole body chloride was measured on dilute acid extracts (0.75 N HN03) of fat-free dried samples with a Buchler-Cotlove chloridometer. Phosphorus was determined by the Fiske and Subbarow technique (13) in the same concentrated acid digest (HCl and HNO,) prepared for the other mineral analyses. 
RESULTS
There were no significant differences between groups in the mean weight of the pigs when TPN was begun or in the mean weight gain during the study ( Table 2 ). The animals tolerated the intravenous nutriton without ill effects as indicated by both clinical and biochemical parameters.
Serum chemistries for each pig did not change significantly between d 2 and d 8 after initiation of TPN, and all values were in the normal range for minipigs (1 1, 27, 32, 33) . Values for d 8 are shown in Table 3 . There also were no significant differences between groups except for blood urea nitrogen where Group B had a significantly higher value than Group A ( P < 0.05).
Results of hormone determinations are given in Table 4 . There was a significant difference in insulin levels and in the insulin/ glucagon ratio between the two groups by d 8. Group A had significantly higher levels of insulin ( P < 0.05) as well as a higher insulin/glucagon ratio ( P < 0.02) compared with Group B.
Cortisol concentrations were not different between groups.
TBW (Table 5 ) was significantly greater in Group A compared with Group B (P < 0.01). No significant differences in fat, nitrogen, or ash per fat-free dry weight were observed (Table 5) .
Total body K, Na, C1, Ca, and P were not significantly different between groups. Extracellular space, calculated from body C1 and plasma C1 (9), was found to be similar between groups. A small but significant difference was observed in the Ca:P ratio, 1.16 a 0.0 1 (SD) for group A and 1.20 a 0.0 1 for group B ( P < 0.05).
DISCUSSION
At the conclusion of the present study, the body composition of the infant miniature pigs corresponded to that of similar age pigs fed mother's milk, except for the amount of fat. Previous studies in various species of growing animals have shown that the nitrogen and bone composition of the body is relatively unaffected by increases in energy intake above standard requirements, whereas the amount of body fat is responsive to changes in energy and nitrogen intake (5, 10). If energy intake is held constant and nitrogen intake is increased, the amount of body fat decreases (5, 10). Conversely, if energy intake is increased, fat t Reduced values due to the streaming effects of drawing blood through the small bore, 1.5 m catheters. 
2' energy intake (mean zk SD)
* FFW, fat-free wet weight.
tP<0.01.
$ Orally fed (unpublished data), TBW measured by dessication.
8 FFD, fat-free dry weight.
11 Orally fed, eviscerated (8, 37), whole body (35) . deposition will increase (5, 10). The nitrogen intake of the pigs in the present study met the recommended allowances for swine, however, the energy intakes were at the lower end of the recommendations (25, 27) . Thus, the adequate nitrogen but low energy intakes explain the finding of reduced body fat in these study animals compared with orally fed pigs. The energy intake of the animals was based upon recommended allowances and the experience of Pfrimmer et al. (26) In view of the different hormone profiles in the two groups, differences in nitrogen retention and body composition might have been anticipated. Insulin causes lipogenesis, amino acid uptake into muscle, and stimulates protein synthesis (2, 7) . Glucagon, on the other hand, induces lipolysis, amino acid movement into viscera, and gluconeogenesis (2, 7). The higher blood urea nitrogen in Group B probably reflected the efSect of glucagon which is known to stimulate urea formation as a consequence of gluconeogenesis (2) . It has been suggested that the higher insulin level stimulated by a glucose/amino acid fuel mix will result in greater nitrogen retention compared with a mix which includes fat (20) . This was postulated by Long et al. (20) who found that nitrogen retention improved with increasing carbohydrate intake in critically ill adult patients; addition of intravenous fat did not affect nitrogen retention. In contrast, oral feeding studies camed out in growing animals have shown that carbohydrate and fat have equal ability to promote nitrogen retention within a few days of substituting one substrate for the other (24). TPN studies in adults (4, 18) , children (28) , and rats (3 1) substantiate the oral feeding studies. Discrepancies betwen the results of these studies and those of Long and co-workers may be explained, in part, by differences in the clinical status of the patients; those in Long's study were critically ill as compared with patients in the studies cited above (4, 18, 28) .
If nitrogen retention is not affected by the fuel mix, might other components of body composition be altered? Studies by Macfie et al. (22) in malnourished adults, using neutron .activation analysis to measure body nitrogen, have suggested that a glucose/amino acid fuel mix induces fat and water retention in excess of expected gains in nitrogen. As was found in the present study, TBW was greater in those patients who received glucose/ amino acids compared with those who also were given fat (22) . An explanation for these differencs in TBW may be the higher insulin levels in the glucose/amino acid group. Insulin promotes glycogen formation, the deposition of which is associated with an obligatory amount of water [approximatley 4 g of water per gram of glycogen (8)]; thus, the larger TBW may have represented greater glycogen deposition (8). The finding of increased intracellular water, as measured by the difference between [3H20] and chloride spaces, would support this hypothesis.
No differences in body fat were found between groups in the present investigation in contrast to the study by Macfie et al. (22) . The subjects in the latter study, however, were malnourished, ill, adult humans whereas the pigs in the present investigation were young and healthy. Differences in the relative adequacy of energy intakes also could account for the discrepancy. Additionally, Macfie and coworkers measured body fat using less accurate, indirect methods. In a study by Hartsook and Hershberger (1 6) of orally fed rats, alteration of the carbohydratelfat ratio had no significant effect on whole body, ash, nitrogen, and fat at levels of protein intake comparable to those administered in this study. It would appear that the factors which ultimately control the composition of growth can ovemde the effects of insulin and glucagon. Although plasma levels of the hormones may be increased or decreased, tissue sensitivity may be altered such that normal body composition is maintained. That changes in hormone-tissue relationships occur, is supported by the work of Byrne et al. (6) who found decreases in insulin binding as a result of the hyperinsulinemia induced by a TPN fuel mix similar to that used in group A. It would appear that the growing animal has the ability to adapt to a wide range of carbohydratelfat intakes. Further investigation is required however, to determine whether differences in the carcass and visceral distribution of nitrogen occur as a result of the fuel mix or whether the high glucose loads of the fuel mix given to animals in group A might induce a metabolic stress.
